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LOW  SPEED  AIR-FLOW  CHARACTERIZATION  OF  MILITARY  FABRICS 


INTRODUCTION 


The  goal  of  the  work  reported  here  is  to  develop  methods  to 
characterize  the  structure  of  military  cloth  using  air-flow  data.  The 
ultimate  goal  is  to  develop  a  model  that  incorporates  this  and  other 
information  into  an  overall  scheme  whereby  military  fabrics  in  current  use 
can  be  more  accurately  evaluated  and  also  to  supply  information  that  can  be 
incorporated  into  guidelines  for  improvement  of  future  fabrics. 

There  is  a  large  volume  of  literature  dealing  with  air-flow  through 
orifices  and  screens,  which  reflects  the  considerable  quantity  of  research 
in  the  area.  Our  present  objective  is  to  correlate  this  type  of  air-flow 
measurement  with  specific  physical  parameters  of  a  fabric  such  as  the  open 
area,  thread  diameter  or  mesh  opening  for  simple  fabrics  or  an  "effective*' 
open  area  for  other  fabrics,  such  as  nylon/ cotton  (NYCO) . 

INITIAL  EXPERIMENTS 

A  diagram  of  the  air-flow  apparatus  used  in  these  experiments  is  shown 
in  Fig.  1.  Features  to  note  in  this  diagram  are  the  upstream  and 
downstream  pressure  taps,  P^  and  ?2  respectively,  and  the  position  of 
the  sample  (an  aluminum  sheet  with  a  hole  drilled  in  it  or  a  piece  of 
cloth).  House  air  was  used  in  these  experiments.  All  experiments  were 
performed  at  room  temperature  (“20°C,  68°F)  and  ambient  relative 
humidity. 


Figure  1.  Air-flow  apparatus. 


In  initial  experiments,  the  test  set-up  and  the  data  obtained  from  it 
were  evaluated  using  a  single  pore  (or  orifice)  air-flow  model  (1): 


q  =  CYA 


/ 


(2gc(Pj 


-  p2))/(p[1  ■  e  ])• 


m 


2 

In  equation  (1],  A  is  the  cross-sectional  area  of  the  pore  (m  ),  g£  is 

a  constant  (g£  equals  one  and  is  dimensionless  in  S.I.  units),  p^  is 

2 

the  pressure  at  the  upstream  tap  (N/m  ),  p^  is  the  pressure  at  the 

2 

downstream  tap  (N/m  ) ,  p  is  the  air  density  at  the  upstream  pressure  tap 
3 

(kg/m  ),  B  is  the  ratio  of  the  pore  diameter  to  the  pipe  diameter 

3 

(dimensionless),  and  q  is  the  volume  flow  rate  of  air  (m  /s)  passing 
through  the  sample • 
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C  is  a  dimensionless,  numerical  "coefficient  of  discharge"  (1).  Any 
effects  on  the  air-flow  due  to  stream  contraction  or  friction  are  included 
in  this  factor.  C  depends  upon  the  specific  geometry  of  the  apparatus  and 
the  velocity  and  viscosity  of  the  air  or  fluid  flowing  through  the  system. 

Y  is  an  expansion  factor  (dimensionless),  which  accounts  for  a  change 
in  density  of  the  air  as  it  expands  adiabatically  (no  heat  flowing  into  or 
out  of  the  system)  in  going  from  a  pressure  p^,  to  a  pressure  p ^ •  Y  is 
a  function  of  the  pore  to  pipe  diameter  ratio  0 ,  the  downstream  to  upstream 
pressure  ratio  P2/p^>  and  the  ratio  of  the  specific  heats  cp/cv(l)* 

It  is  instructive  to  review  in  detail  two  examples  of  the  initial  work, 
which  were  preliminary  to  the  study  of  cloth  samples. 

First  Example:  In  the  first  experiment,  the  sample  was  an  aluminum 

sheet  1  mm  thick  which  contained  a  single  circular  hole  (pore)  0.137  x 

_2 

10  m  diameter.  For  this  experiment,  the  pipe  diameter  of  the  apparatus 
-2 

was  2.4  x  10  m.  The  measured  quantities  were  q  the  air-flow  rate 
through  the  hole  and  the  pressure  drop  6p  (p^  -  P2)  due  to  the  presence 
of  the  hole.  The  upstream  pressure  tap  was  situated  approximately  5-1/2 
pipe  diameters  away  from  the  sample  and  the  downstream  pressure  tap  about 
two  pipe  diameters  away  from  the  sample. 

In  order  to  calculate  air-flow  rates  q  from  equation  [1],  we  used  the 

following  values:  3  for  this  example  was  0.057  (=0.137/2.4)  and  3  ^  is 

—5  4 

approximately  10  .  This  is  much  less  than  one,  so  3  was  neglected. 

The  air  density,  p,  at  the  upstream  pressure  tap  was  assigned  a  value  of 
3 

1.205  kg/m  ,  which  is  the  density  of  dry  air  at  room  temperature  and 


3 


atmospheric  pressure  (2).  In  reference  (1)  some  Y  values  for  orifices  are 
given.  Values  range  from  0.92  to  1.00.  For  this  preliminary  calculation  Y 
was  assigned  a  value  of  1.00.  The  cross-sectional  area,  A,  of  the  pore  was 
1.47  x  10-6  m2. 

This  leaves  C,  the  discharge  coefficient,  undetermined.  C  depends  on 
several  factors,  one  of  which  is  the  air-flow  rate  through  the  pore.  In 
this  first  example  the  dependence  of  C  on  air-flow  rate  is  neglected  and  C 
is  treated  as  a  constant.  (In  the  second  example,  however,  the  dependence 
of  C  on  air-flow  rate  is  examined.) 

In  the  first  example,  the  C  value  associated  with  each  q  and  6p  data 
point  was  calculated  using  equation  [1].  See  Table  1.  These  C  values 
appeared  to  have  a  random  distribution  and  they  have  a  mean  of  0.82  with  a 

standard  deviation  of  0.018.  This  mean  C  value  can  be  used  along  with 

equation  [1]  to  predict  a  flow  rate  for  a  given  pressure  drop.  A  good 
agreement  was  obtained  between  predicted  and  observed  air-flow  rates.  This 
information  is  presented  in  Table  1  and  shown  graphically  in  Figure  2. 

Note  that  the  air-flow  was  measured  with  a  flow  meter  calibrated  in  mL/min 
and  <$p  was  measured  with  a  pressure  gauge  calibrated  in  inches  of  water. 

The  range  of  measurements  here  was  limited  by  the  pressure  gauge  available 
to  about  13.5  inches  of  water. 

The  pressure  drop  across  the  apparatus  alone  (no  sample  present) 
between  and  P2  (see  Fig.  1)  is  a  function  of  air  flow  rate.  For  the 

data  given  in  this  report,  these  pressure  drops  are  very  small  compared  to 

the  pressure  drops  due  to  the  samples  and  are  neglected. 


4 


TABLE  1.  Comparison  of  Measured  and  Calculated  Air-flow  Ra^tes 
(aluminum  sheet  1  mm  thick  with  hole  of  0.137  x  10  m 
diameter) 


2 

4p  (pascais  x  10  )  q 

(v?/s  x  10 

Measured 

c 

Calculated 
Using 
equation  1 

q  (m  /s  x  10 
Predicted  Us  ini 
C=0.82  and 
equation  1 

1.4 

1.92 

0.85 

1.8 

1.5 

1.92 

0.82 

1.9 

5.58 

3.54 

0.79 

3.66 

5.68 

3 . 54 

0.78 

3.69 

11.2 

5.19 

0.82 

549 

11.6 

5.19 

0.80 

5.28 

18.7 

6.84 

0.83 

6.70 

19.2 

6.84 

0.82 

6.79 

29.63 

8.48 

0.82 

8.44 

30.00 

8.48 

0.82 

8.49 

32.69 

8.98 

0.83 

8.86 

33.62 

8.89 

0.81 

8.99 

The  conclusion  from 

this  first  example 

is  that  for 

the  air-flow  range 

1.92  x  10~5  to  8.98  x  10 

—5  3 

m  /s  and  for  the 

experimental  conditions 

described  above,  treating  C  as  a  constant  with  respect 

to  air-flow  rate  was 

a  good  approximation. 

Second  Example:  For 

contrast,  however, 

in  the  second  example,  when  a 

larger  range  of  air-flow  values  was  examined,  4.38  x  10  ^  to  14.2  x 
—5  3 

10  m  /s,  the  dependence  of  C  on  flow  rate  was  evident.  To  achieve 


the  higher  flow  rates,  a  different  sample  was  required.  The  sample 
again  an  aluminum  sheet,  but  this  time  the  hole  diameter  was  larger 


was 

(0.21  x 


5 


+  Data  Points 

Solid  Curve  for  C  =  0.82 


q  (m3/s  x  10“5) 

Figure  2.  Comparison  of  measured  and  calculated  air-flow 
rates  for  aluminum  sheet  1  mm  thick  with  hole 
of  0.137  x  10“2~m  diameter. 


Figure  3 


3  6  9  12 

q  (m3/s  x  10“5) 

Discharge  coefficient  as  a  function  of  air-flow 
rate  for  aluminum  sheet  0.1  mm  thick  with  hole 
of  0.21  x  10“^  m  diameter.  ' 


-2  -3 

10  m)  and  the  sheet  was  thinner  (0.1  x  10  m) .  Using  the  same 

approximations  as  for  the  first  example,  equation  [1]  can  be  written  for 

this  case 


q  =  C(4.46  m7/2  kg"1/2  x  10-6)\f6p,  [2] 

where  6p  =  p^-p£  *s  t*ie  Pressure  drop  across  the  sample  In  pascals* 

For  this  example,  there  were  13  data  points  (q,  6p  pairs).  Using  equation 
[2]  and  calculating  values  of  C  for  each  {q,  6p)  pair  shows  the  flow  rate 
dependence  of  C.  These  results  are  given  in  Table  2  and  Figure  3. 

TABLE  2.  Dependence  of  Discharge  Coefficient  C  on  Flow  Rate  ^ 
(aluminum  sheet  0.1  mm  thick  with  hole  of  0.21  x  10  m 
diameter) 


2 

6p  (pascals  X  10  ) 

q  (m3/s  X  10~5) 

C  (calculated  from  equation  2) 

2 

4.37 

0.69 

3.2 

5.18 

0.65 

4.2 

6.00 

0.66 

5.7 

6.82 

0.64 

7.2 

7.64 

0.64 

8.7 

8.47 

0.64 

10 

9.29 

0.66 

13 

10.13 

0.63 

15 

10.95 

0.63 

18 

11.77 

0.62 

21 

12.60 

0.62 

25 

13.42 

0.60 

27.6 

14.24 

0.61 
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It  can  be  seen  that  the  discharge  coefficient  C  decreases  as  the  flow  rate 
q  Increases.  (The  pressure  values  cover  a  smaller  range  in  this  example 
(Table  2)  than  they  did  in  the  previous  example  (Table  1).)  This 
dependence  of  C  on  air-flow  rate,  which  is  evident  in  Table  2  and  which 
produces  a  deviation  in  the  "expected"  square  root  dependence  of  6  p  on  q, 
must  be  taken  into  account  if  modeling  efforts  are  to  be  successful. 

MATHEMATICAL  MODELS  TO  CHARACTERIZE  FABRICS 

The  ultimate  objective  is  to  understand  air-flow  through  military 

cloth.  Experiments  and  analyses  similar  to  the  examples  shown  above 

provided  a  means  to  check  the  <$p  and  corresponding  q  values  obtained  with 

the  apparatus  and  in  the  interpretation  of  the  data.  The  next  step  was  to 

examine  cloth  samples.  These  samples  include  "model"  cloths  (with 

specified  mesh  openings,  open  areas,  and  mesh  thickness)  from  SPECTRUM  and 

2 

the  military  cloth  NYCO  (50%  cotton  and  50%  nylon,  7  oz/yd  ,  twill  weave, 
Quarpel  coated).  The  manufacturer’s  specifications  (3)  for  the  model 
cloths  are  given  in  Table  3.  The  mesh  number  is  also  indicated.  In 
addition,  thread  diameters  are  included  (4).  Note  that  no  tolerances  on 
the  specifications  are  reported  in  the  SPECTRUM  catalogue. 


TABLE  3.  Model  Polyester  Cloth  Specifications  (3) 


Mesh 

Opening  (pm) 

Open 

Area  (%) 

Thread 

Diameter  (urn) 

Mesh 

Thickness  (pm) 

Mesh 

Number 

*10 

3 

? 

70 

*21 

15 

33 

70 

33 

25 

42 

65 

M340 

43 

29 

38 

70 

M315 

53 

34 

40 

70 

67 

41 

38 

70 

M240 

80 

38 

48 

90 

*  Flattened  by  Spectrum 
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Air-flow  measurements  were  conducted  using  these  model  cloths  and 

NYCO.  Plots  of  pressure  drop  across  the  cloth  versus  air-flow  rate  through 

the  cloth  are  shown  in  Figs.  4  and  5.  It  is  conventional  in  fabric  studies 

3 

to  normalize  the  volume  flow  rate  q  (m  /s)  by  dividing  by  the 

-.3 

cross-sectional  area  of  the  pipe  (diameter  of  9.34  10  m  and  area  of  6.85 
-5  2 

x  10  m  ).  The  normalized  volume  flow  rate  will  be  denoted  by 
3  2 

Q(m  /s/m  ).  Figure  5  shows  that  the  same  shape  of  6 P  versus  Q  plot  is 
obtained  for  NYCO  as  for  the  polyester  filters.  A  table  listing  these 
air-flow  data  is  given  in  Appendix  A.  The  average  linear  upstream 
velocities  for  these  fabric  experiments  ranged  from  approximately  0.6  mph 
to  6  mph. 

Light  microscope  or  scanning  electron  microscope  (SEM)  photographs  were 

taken  of  the  polyester  filters  and  NYCO.  For  the  light  microscopy,  the 

polyester  filter  was  placed  on  a  clear  glass  microscope  slide,  which  was 

put  onto  the  stage  of  a  Zeiss  Ultraphot  microscope  equipped  with  a  Nomarski 

condenser  and  a  Neofluor  16X  objective.  Transmitted  light  micrographs  were 

taken  using  Polaroid  55  P/N  film.  A  scale  was  also  photographed  to 

determine  the  approximate  magnification.  Light  areas,  which  appear  on  some 

of  the  fibers  in  these  photographs,  indicate  where  the  transmitted  light 

travelled  through  the  fiber  and  reached  the  camera.  These  spots  are  not 

indications  of  open  areas.  Note  that  the  polyester  filters  appear  white 

when  viewed  in  daylight.  For  the  scanning  electron  microscopy,  a  piece  of 

2 

polyester  filter  approximately  1  cm  was  placed  onto  an  aluminum  stub 
using  double-sided  sticky  tape  and  then  sputter  coated  with  a  conductive 
layer  of  gold  palladium.  Then  the  sample  was  examined  in  a  Hitachi  600-2 
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PRESSURE  CHANGE  (Sp)  PRESSURE  CHANGE  (6p) 

(PASCALS)  (PASCALS) 


Figure  4 .  Pressure  drop  across  a  cloth  sample  as  a 

function  of  air-flow  rate  through  the  cloth 


□  NYCO  +  10um 


Figure  5.  Pressure  drop  across  a  cloth  sample  as  a 

function  of  air-flow  rate  through  the  cloth. 
Comparison  of  lOym  pore  size  with  NYCO. 


scanning  electron  microscope.  Photographs  were  taken  with  Polaroid  55  P/N 
film.  The  light  and  SEM  photographs  are  shown  in  Fig.  6. 

An  indication  of  the  relative  pore  sizes,  fiber  diameters  and  open 
areas  of  the  polyester  filters  is  readily  apparent  in  Fig.  6.  For  the  NYCO 
fabric,  the  SEM  photograph  in  this  figure  shows  the  yarns,  the  fibers,  the 
weave  and  the  surface  structure.  Pores  cannot  be  seen.  However,  if  a 
piece  of  NYCO  is  placed  in  front  of  a  white  light  source,  pinpoints  of 
transmitted  light  are  apparent  at  no  magnification.  These  are  indications 
of  the  largest  pores  and  would  be  the  major  route  for  forced  air-flow 
thorough  this  fabric . 

Single  Pore  Model:  The  question  at  this  point  is  how  to  model  the 
data.  Equation  [1]  pertains  to  a  single  hole  or  pore,  but  might  be  used  as 
a  starting  point  to  develop  a  mathematical  model  for  a  sample  with  many 
pores  such  as  cloth.  The  basic  form  of  equation  [1]  is 

q  -  F(q)\/2(6p)/p'.  [3] 

In  equation  [3],  F(q)  is  some  unknown  function  of  air-flow  rate,  which  must 
be  determined.  Factors  influencing  the  behavior  of  F(q)  could  be  the 
discharge  coefficient  C,  the  percent  open  area  of  the  sample,  any 
interference  effects  due  to  the  presence  of  multiple  holes,  the  value  of  Y 
and  any  air  density  effects  not  properly  accounted  for  in  the  estimated 
value  of  p (1.205  kg/m  ).  Equation  [3]  can  be  rewritten  in  a  form 
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Figure  6A.  80  /Jm  Polyester  Filter,  Light  Microscope. 
Figure  6B.  67  ^rn  Polyester  Filter,  Light  Microscope. 
Figure  6C.  53  ptm  Polyester  Filter,  Light  Microscope. 
Figure  6D.  43 fim  Polyester  Filter,  Light  Microscope. 
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Figure  6E.  33  fim  Polyester  Fillers.  Light  Microscope. 

Figure  6F.  21  \x m  Polyester  Filter,  Scanning  Electron  Microscope. 

Figure  6G.  10  |im  Polyester  Filter,  Scanning  Electron  Microscope. 

Figure  6H.  Nylon/Cotton  (NYCO),  Scanning  Electron  Microscope  (taken  at  approximately  50X:  all  others. 
A-G  taken  at  approximately  200X). 
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convenient  to  use  directly  with  the  cloth  data  (with  units  of  m  /s  for  q 
and  pascals  for  <S  p) : 

q  =  F(q)  [1 .29  m3/2kg~1/2 ]Cp.  [4] 

In  equation  [4],  the  factor  1.29  is  \flj ~p .  F(q)  contains  information 

2 

regarding  the  open  area  of  the  fabric  and  has  units  of  m  .  The  air-flow 

measurements  for  the  10  y  m  cloth  are  typical  of  the  data  and  are  shown  in 

3 

Table  4.  Both  volume  flow  rate  q  (m  /s)  and  normalized  volume  flow  rate 
3  2 

Q(m  /s/m  )  are  given  in  the  table.  (Again  note  that  the  diameter  of 

-3  -5  2 

the  pipe  was  9.34  X  10  m  with  a  cross-sectional  area  of  6.85  x  10  m 

and  is  a  smaller  area  than  in  the  previous  two  initial  experiments.  The 

upstream  and  downstream  pressure  taps  were  each  situated  approximately 

2-1/2  pipe  diameters  from  the  sample.  This  is  a  slightly  different 

configuration  than  in  the  two  initial  examples.)  The  cross-sectional  area 

of  the  pipe  in  these  fabric  experiments  corresponds  to  the  "challenge"  area 

in  aerosol  studies. 
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TABLE  4.  Air-flow  through  10  Mm  Cloth 


<Sp  (pascals  ) 


q  (m3/s  x  10“5) 


Q(m3/m^/s)  F(q)[m^  x  10 


430 

1.92 

0.280 

7.18 

600 

2.74 

0.400 

8.67 

820 

3.54 

0.517 

9.58 

1000 

4.38 

0.639 

10.7 

1300 

5.19 

0.758 

11.2 

1460 

6.01 

0.877 

12.2 

1660 

6.84 

0.998 

13.0 

1930 

7.66 

1.12 

13.5 

2180 

8.48 

1.24 

14.1 

2430 

9.30 

1.36 

14.6 

2690 

10.13 

1.48 

15.1 

3010 

10.95 

1.60 

15.5 

3350 

11.77 

1.72 

15.8 

3700 

12.60 

1.84 

16.0 

3990 

13.42 

1.96 

16.5 

4390 

14.24 

2.08 

16.7 

4720 

15.06 

2.20 

17.0 

5050 

15.89 

2.32 

17.3 

5450 

16.71 

2.44 

17.5 

5850 

17.53 

2.56 

17.8 

6320 

18.35 

2.68 

17.9 

6850 

19.18 

2.80 

18.0 

These  data  can  be  compared  to  that  presented  in  Table  2  for  air-flow 
through  a  single  hole.  It  is  instructive  to  examine  the  data  for  any 
deviations  from  the  "expected”  behavior  of  the  flow  rate  dependence  on  the 
square  root  of  the  pressure  drop  as  evidenced  by  the  fact  that  F(q)  is  not 
a  constant,  but  is  a  function  of  air  flow  rate.  F(q)  in  Table  4  has  a 
correspondence  to  the  discharge  coefficient  C  in  Table  2.  In  this  range  of 
air-flow  rates  the  data  for  a  single  hole  show  that  as  q  increases,  C 
decreases .  For  a  sample  with  many  small  pores  (e.g.,  cloth)  the  data  show 
that  in  this  flow  range,  as  q  increases,  F(q)  increases  also.  Some  factors 
that  are  different  with  respect  to  the  data  in  Table  2  versus  the  data  in 
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Table  4  are  a  dramatic  difference  in  hole  size,  a  change  in  the  frictional 
effects,  and  the  possibility  of  interference  effects  due  to  the  presence  of 
multiple  holes. 

If  a  mathematical  expression  for  F(q)  could  be  determined  based  on  the 
data,  then  it  would  be  possible  to  predict  the  pressure  drop  across  the 
cloth  for  a  given  air-flow  rate  through  the  cloth.  Plots  were  constructed 
for  F(q)  versus  q  for  our  data.  See  the  "data”  points  in  Figs.  7  and  8. 

All  the  cloth  samples  as  well  as  the  NYCO  displayed  a  similar  shape.  After 
several  unsuccessful  attempts  to  mathematically  fit  the  data,  an 
exponential  function  was  examined: 

F(q)  -  c  -  a  EXP(-bq) .  [5] 

In  equation  [5]  a,  b,  and  c  are  three  parameters  to  be  determined  by 
statistical  analysis.  Equation  [5]  was  used  along  with  experimental  q  data 
and  F(q)  values  (F(q)  was  determined  as  for  the  10  micrometer  cloth  as 
shown  in  Table  4  using  observed  q  and  6p  values  along  with  equation  [4])  to 
determine  if  the  exponential  function  could  explain  the  air-flow  data.  The 
three  parameters  (a,  b,  c),  which  were  determined  for  each  cloth  sample  by 
least  squares  analyses,  are  given  in  Table  5. 
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F(q)  (m2  x  10-7)  F^)  (m  x  10 


TABLE  5.  Results  of  Least  Squares  Analyses  for  F(q) 


Cloth 

(%  Open  Area) 

a  (m^  x  10  4) 

b  (s/m^xlO4) 

c  (m^  x  10  4) 

NYCO 

0.0117 

1.08 

0.0158 

10  u  m 

(  3%) 

0.0152 

1.24 

0.0194 

21  Jim 

(15%) 

0.0590 

1.03 

0.0725 

33  U  m 

(25%) 

0.0746 

1.25 

0.0924 

43  H  m 

(29%) 

0.0895 

1.33 

0.113 

53  U  m 

(34%) 

0.0902 

1.36 

0.116 

67  P  m 

(41%) 

0.131 

1.31 

0.172 

80  Hm 

(38%) 

0.132 

1.57 

0.173 

Using  the  parameter  values  from  Table  5  an  equation  can  be  written  for 
each  cloth  sample.  For  example,  for  NYCO 

F(q)  =  0.0158  x  10"4  -  0.0117  x  10~4  EXP(-1.08  x  104q)  .  [6] 

Equations  such  as  this  one  were  plotted  for  the  cloth  samples  and  are  shown 
as  the  solid  curves  in  Figs.  7  and  8.  These  fitted  curves  have  an 
excellent  correspondence  with  the  data.  (Equations  with  other  q 
dependences  did  not  fit  the  data  as  well.)  Table  5  shows  that  as  the 
polyester  filter’s  pore  size  and  open  area  increase,  the  parameters  a  and  c 
also,  in  general,  increase.  A  next  possible  step  in  this  type  of  analysis 
would  be  to  mathematically  correlate  the  parameters  (a,  b,  c)  with  cloth 
characteristics  as  given  in  Table  3  (mesh  opening,  open  area,  mesh 
thickness,  thread  diameter). 
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The  success  of  these  analyses  suggests  an  air-flow  equation  for  a  cloth 
sample  (based  on  the  single  pore  model)  for  these  flow  conditions 
(experimental  set-up  and  flow  range) 

q  =  [c-a  EXP(-bq)  ]\/2(  6p)/ p'.  [7] 

Screen  Mesh  Model;  In  addition  to  the  single  pore  air-flow  model 
(equation  [1]),  an  air-flow  model  used  in  the  study  of  fluid  flow  through 
wire  grids  or  screens  was  examined.  This  model  has  the  same  basic  <$p 
dependence  on  q  as  the  single  pore  model  but  is  expressed  somewhat 
differently: 

<$p  =  (Kpw^)/2.  [8] 

In  equation  [8],  <$p  is  the  pressure  drop  across  the  sample  (pascals),  K  is 

3 

the  resistance  coefficient  (dimensionless),  P  is  the  air  density  (kg/m  ), 

and  w  (m/s)  is  the  average  upstream  incident  air  velocity  normal  to  the 

3 

sample.  W  is  equal  to  q(m  /s)  divided  by  the  cross-sectional  area  of  the 
pipe  (6.85  x  10  ^  m^). 

The  resistance  coefficient  K  is  of  particular  interest  because  it  has 
been  explicitly  associated  with  screen  geometry  in  the  literature.  It  is  a 
function  of  several  parameters: 

K  =  K(B1>  R,  M).  [9] 

In  equation  [9],  3^  is  the  porosity  (ratio  of  open  area  to  total  area), 

R  is  the  Reynold’s  number,  and  M  is  the  Mach  number. 
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TABLE  6.  Some  Suggested  Expressions  for  K 


Expression 

Originator  of 

Expression 

1.  K  ■  cs/(l-s)2 

Weighardt  agd  Others, 
in  McCarthy  , 

Elder,  in  Turner 

2.  K  =  [(1-01)/B1]2 

3.  k  =  [c2  (i  -  e12)]/e12 

Annand,  in  Turner^ 

4.  K  -  Kq  +  88(1  -  ep/R 

Davis,  in  Elder2 

Examples  of  expressions  for  k  are  shown  in  Table  6.  In  this  table 
is  the  fraction  of  solid  area  of  the  sample  (1  -  3^)  and  c  and  C2  are 
functions  of  the  Reynold's  number.  Kq  is  a  constant  related  to  the 
screen  geometry. 

The  data  were  analyzed  based  on  the  idea  suggested  by  expression  4  in 

Table  6.  Since  the  Reynold's  number  is  directly  proportional  to  the  linear 

velocity  w,  this  expression  implies  that  K  is  inversely  proportional  to  w. 

Therefore,  if  a  plot  is  constructed  of  K  versus  1/w,  a  straight  line  should 

result.  Values  of  K  for  the  polyester  filters  and  NYCO  were  determined 

from  equation  [8]  using  measured  6p  values,  calculated  w  values  and  the 

3 

density  of  air  as  1.205  kg/m  .  An  example  showing  the  calculated  K  and 
corresponding  w  and  1/w  values  for  the  10  pm  cloth  is  given  in  Table  7. 
Plots  of  these  data  and  the  other  cloth  data  are  shown  in  Figs.  9  and  10. 
Least  squares  analyses  were  performed  and  the  best  fit  straight  lines  are 
shown  along  with  the  data  points  in  these  figures.  The  squares  of  the 
correlation  coefficients  are  given  in  Table  8  and  they  are  very  close  to  1 
for  all  cases.  Results  from  statistical  analyses  for  the  slopes  are  also 
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given  in  this  table.  The  slope  is  explicitly  related  to  the  open  area  8-^ 
and  the  wire  (or  thread)  diameter  d  (since  R  a  d)  in  expression  4.  Note 
that  the  slope  varies  inversely  with  the  open  area  8^  (or  directly  with 
the  solid  area  (1-3^)).  This  feature  can  be  seen  in  the  calculated 
results  for  the  cloth  data  in  Table  8.  Further  additional  attempts  to 
achieve  an  exact  correspondence  between  the  cloth  data  and  expression  4 
were  unsuccessful. 

The  assumption  that  K  is  directly  proportional  to  w  3  produced  a  good 
fit  to  the  data.  However,  the  implication  of  this  assumption  is  that  6p 
becomes  a  linear  function  of  w  (see  equation  [8]).  5p,  though,  is  not 
exactly  a  linear  function  of  w  (or  Q)  as  can  be  seen  in  the  plots  presented 
in  Figs.  4  and  5.  Therefore,  in  order  to  obtain  an  even  better  fit  to  the 
data,  it  is  desirable  to  examine  other  expressions  for  K. 

TABLE  7.  Resistance  Coefficients  for  10  pm  Cloth 


w  (m/s) 

1/w  (s/m) 

K  x  103 

0.280 

3.57 

7.78 

0.400 

2.50 

5.39 

0.517 

1.93 

4.44 

0.639 

1.56 

3.66 

0.758 

1.32 

3.14 

0.877 

1.14 

2.73 

0.998 

1.00 

2.40 

1.12 

0.893 

2.22 

1.24 

0.806 

2.05 

1.36 

0.735 

1.90 

1.48 

0.676 

1.77 

1.60 

0.625 

1.69 

1.72 

0.581 

1.63 

1.84 

0.543 

1.57 

1.96 

0.510 

1.50 

2.08 

0.481 

1.46 

2.20 

0.455 

1.40 

2.32 

0.431 

1.35 

2.44 

0.410 

1.32 

2.56 

0.391 

1.29 

2.68 

0.373 

1.27 

2.80 

0.357 

1.26 
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TABLE  8.  Least  Squares  Analyses  on  Screen  Mesh  Model 


Cloth 

(%  Open  Area) 

Slope  (m/s) 

r2 

NYCO 

? 

3170 

0.996 

10  pm 

(  3%) 

2350 

0.997 

21  pm 

(15%) 

216 

0.997 

33  pm 

(25%) 

111 

0.999 

43  pm 

(29%) 

65.3 

0.999 

53  pm 

(34%) 

55.3 

0.997 

67  pm 

(41%) 

24.9 

0.997 

80  pm 

(38%) 

21.5 

0.999 

Recently,  Ishizuka  (8)  suggested  an  expression  In  which  K  deviates 
somewhat  from  linearity 


K  =  28 


-0.95 


a-V 


0  <  R  <  100  [10] 


His  work  concerned  natural  air  convection  as  related  to  designing 
electronic  equipment  casings.  The  Reynold fs  number  can  be  defined 


R 


[11] 


In  equation  [11]  d  is  the  thread  diameter  (m),  p  is  the  air  density 
3 

(kg/m  )  and  n  is  the  viscosity  (kg/m-s).  For  the  polyester  filter  data 
presented  here  the  Reynold's  numbers  were  below  10  so  that  equation  [10]  is 
appropriate.  Initial  calculations  suggest  that  this  equation  corresponds 
well  with  the  fabric  data.  However,  some  adjustments  may  be  required. 


23 


SUMMARY  AND  CONCLUSIONS 


Methods  to  characterize  military  cloth  with  respect  to  low  speed 
air-flow  measurements  have  been  examined.  An  air-flow  apparatus  that  gives 
reproducible  results  has  been  constructed  and  data  collected  for  NYCO  and 
model  fabrics.  Plots  of  pressure  drop  across  the  cloth  versus  air-flow 
through  the  cloth  were  very  similar  for  NYCO  and  the  model  cloths.  As  a 
consequence,  a  comparison  of  NYCO  to  model  fabrics  of  known  pore  size,  open 
area  and  thickness  is  a  useful  method  of  characterization  of  NYCO.  The 
air-flow  data  were  modeled  in  two  ways.  In  the  first,  a  good  fit  to  the 
data  was  obtained  by  applying  a  model  based  on  air-flow  through  a  single 
pore  to  cloth  data.  In  the  second,  data  were  successfully  analyzed  based 
on  a  model  developed  for  air-flow  through  wire  meshes. 


RECOMMENDATIONS  FOR  FUTURE  WORK 

Factors  which  could  contribute  to  variability  in  air-flow  data  need  to 
be  evaluated.  These  include  temperature,  relative  humidity,  nonuniformity 
of  fabric  samples,  effect  of  any  fabric  coating,  tortuosity  of  air  path  and 
roughness  of  fabric  surface.  The  mathematical  model  suggested  by  Ishizuka 
needs  to  be  further  evaluated  and  perhaps  modified  so  that  thread  diameters 
and  mesh  opening  sizes  of  simple  military  fabrics  can  be  predicted  and  an 
"effective"  open  area  for  other  military  fabrics  can  be  determined. 

It  is  important  to  relate  this  current  work  on  air-flow  to  other  topics 
in  order  to  completely  characterize  fabrics.  Recent  work  has  been 
published  concerning  hydrostatic  pressure  resistance  of  membranes  (9).  In 
addition,  the  wetting  and  penetration  of  nylon  and  polyester  filters  have 


24 


been  examined  (10,11).  It  would  be  useful  to  correlate  this  type  of 
information  with  air-flow  data  for  more  complete  fabric  characterization. 

It  would  be  of  interest  in  the  future  to  perform  a  computer  simulation 
of  the  air-flow  problem.  Preliminary  efforts  at  modeling  air  flow  through 
porous  media  are  in  progress  (12). 


This  document  reports  research  undertaken  at  the 
US  Array  Natick  Research,  Development  and  Engineering 
Center  and  has  been  assigned  No.  NATICK/TR-^c//6';  / 3 
in  the  series  of  reports  approved  for  publication. 
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APPENDIX  A 


Raw  Data  for  Air-flow  Measurements 


FLOW  RATE  FLOW  RATE 

q  (m3/s)  Q  (m3/s/m2)  PRESSURE  CHANGES  IN  PASCALS  FOR  CLOTH  SAMPLES 


X  10  J 

*NYCO 

*10  ym 

21pm 

33pm 

43pm 

53pm 

67ym 

80  pm 

1.92 

0.280 

560 

430 

37 

20 

12 

10 

4.5 

4.0 

2.74 

0.400 

920 

600 

57 

28.4 

17 

15 

7.0 

6.0 

3.54 

0.517 

1200 

820 

77 

38.6 

23 

21 

9.5 

8.2 

4.38 

0.639 

1570 

1000 

95 

46.6 

28.9 

25.6 

12 

10 

5.19 

0.758 

1930 

1300 

110 

56.5 

34.9 

31.1 

14 

12 

6.01 

0.877 

2260 

1460 

130 

66.0 

41.3 

36.8 

17 

15 

6.84 

0.998 

2660 

1660 

150 

75.7 

47.6 

42.8 

20 

17 

7.66 

1.12 

3060 

1930 

170 

86.6 

54.0 

49.0 

23 

20 

8.48 

1.24 

3500 

2180 

190 

97.4 

59.8 

55.5 

25.9 

23 

9.30 

1.36 

3920 

2430 

210 

110 

69.0 

61.5 

28.6 

25.6 

10.13 

1.48 

4320 

2690 

230 

121 

76.2 

69.7 

32.4 

28.9 

10.95 

1.60 

4790 

3010 

256 

135 

84.4 

77.4 

36.4 

32.6 

11.77 

1.72 

5320 

3350 

284 

149 

94.4 

87.2 

40.3 

36.1 

12.60 

1.84 

5850 

3700 

306 

163 

105 

95.9 

44.3 

40.3 

13.42 

1.96 

6380 

3990 

329 

176 

113 

104 

48.6 

44.3 

14.24 

2.08 

6920 

4390 

354 

192 

122 

114 

53.3 

48.1 

15.06 

2.20 

7450 

4720 

378 

206 

134 

124 

57.5 

52.3 

15.89 

2.32 

7980 

5050 

406 

224 

144 

133 

62.0 

57.0 

16.71 

2.44 

8650 

5450 

436 

241 

156 

144 

67.2 

61.3 

17.53 

2.56 

9240 

5850 

468 

261.9 

169 

158 

73.0 

66.7 

18.35 

2.68 

9980 

6320 

500 

280.4 

183 

170 

78.7 

72.7 

19.18 

2.80 

10600 

6850 

533 

300.8 

196 

183 

84.7 

78.2 

♦Pressures  obtained  with  a  guage  reading  up  to  100  mm  Hg 


APPENDIX  B 


LIST  OF  SYMBOLS  USED 

Pressure  at  upstream  pressure  tap 
P2  Pressure  at  downstream  pressure  tap 
0  Ratio  of  pore  to  pipe  diameter 
g£  Dimensional  constant 

A  Cross-sectional  area  of  a  pore 

3 

q  Volume  flow  rate  of  air  (m  /s) 

3  2 

Q  Normalized  volume  flow  rate  of  air  (m  /s/m  ) 
C  Discharge  coefficient 

Y  Expansion  factor 

Cp  Specific  heat  at  constant  pressure 

Cv  Specific  heat  at  constant  volume 

$p  Pressure  drop  across  a  sample  (Pj*^) 

P  Air  density 

K  Resistance  coefficient 

Porosity  (ratio  of  open  area  to  total  area) 

M  Mach  number 

R  Reynold's  number 

n  Fluid  (air)  viscosity 

d  Wire  (thread)  diameter 

s  Fraction  of  solid  area  (1  - 

w  Average  linear  upstream  velocity 
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